The widely distributed colonization factor (CF) CS6 of enterotoxigenic Escherichia coli (ETEC) has gained importance over the years in terms of its structure and function. CS6 is an afimbrial assembly in contrast to the other ETEC CFs, which are mostly fimbrial. A recent study predicted a linear fibre model for recombinant chimeric CS6 and formation of oligomers in solution. In this study, we characterized the oligomeric assembly of CS6, purified from a clinical ETEC isolate and identified its existence in the WT strain. We found that purified CS6 forms a continuous array of higher order oligomers composed of two tightly associated subunits, CssA and CssB in an equal (1:1) stoichiometry. This oligomerization occurs by formation of (CssA-CssB) n complex where 'n' increases with the concentration. The diameter of CS6 oligomers also proportionally increases with concentration. More significantly, we showed CS6 oligomers to be spherical in shape instead of being linear fibres as predicted earlier and this was further confirmed by electron microscopy. We also showed CS6 assembled on the bacterial surface in the form of an oligomeric complex. This process depends on the expression of properly folded CssA and CssB together, guided by the chaperone CssC and usher CssD. In conclusion, our results provide evidence for the existence of concentration-dependent, spherical oligomers of CS6 comprising both the structural subunits in equal stoichiometry and the CS6 oligomeric complex on the ETEC surface.
INTRODUCTION
Enterotoxigenic Escherichia coli (ETEC) is the leading cause of diarrhoea among children under the age of five and also accounts for severe infections in travellers to Africa, Asia and Latin America. Annually, ETEC is estimated to cause 200 million diarrhoeal episodes and approximately 380 000 deaths (WHO, 2004) .
ETEC virulence depends on the expression of colonization factors (CFs), which efficiently bind to the host epithelium followed by release of heat-labile and/or heat-stable enterotoxins to initiate the infection. So far, more than 25 CFs have been identified (Qadri et al., 2005; Gaastra & Svennerholm, 1996) . Among them, CS6 is detected in 30% of the clinical isolates globally (de Lorimier et al., 2003) . Our previous studies also demonstrated that CS6 is one of the most prevalent CFs among the clinical ETEC isolates obtained from hospitalized diarrhoeal patients (Ghosal et al., 2007; Sabui et al., 2010) . Based on the high prevalence of CS6 positive ETEC, CS6 has been proposed as an important vaccine candidate (de Lorimier et al., 2003; Ghosal et al., 2007; Sabui et al., 2010) .
CS6 is a hetero-dimeric protein and is composed of two subunits, CssA and CssB, in equal stoichiometry (Wolf et al., 1997; Ghosal et al., 2009) . CssC and CssD proteins, encoded by the same gene cluster cssABCD, play the role of chaperone and usher proteins, respectively, and facilitate the assembly and translocation of structural subunits to the bacterial surface (Wolf et al., 1997; Tobias et al., 2008; Wajima et al., 2011) . These structural subunits are synthesized from a precursor polypeptide and transferred into the periplasm, where CssA forms a complex with CssB and CssC that is finally recognized by CssD (Tobias et al., 2008; Wajima et al., 2011) . A recent crystallographic study showed that the CssA and CssB subunits are assembled alternately in linear fibres and form hetero-polyadhesin, which supports multivalent attachment to different host receptors. The formation of CS6 oligomers was also reported (Roy et al., 2012) . To date, CS6 could not be detected on the bacterial surface with distinct morphology (Knutton et al., 1989; Nishikawa et al., 1998; Lüdi et al., 2006) . One possibility is that the CS6 may exist either as very fine fibrillar structures, which are disrupted during processing, or distributed on the bacterial surface in such a manner that they do not protrude far enough from the surface to be visualized under electron microscope (Knutton et al., 1989; Lüdi et al., 2006) . This study has focussed specifically on the oligomerization of CS6 protein from the clinical ETEC strain. Here, we show that CS6 exists as a spherical, hetero-oligomeric protein complex on the ETEC surface by providing experimental data from biochemical, biophysical and molecular biological approaches.
METHODS
Bacterial strains and growth conditions. Clinical ETEC isolate 4266 was used for WT CS6 protein purification (Ghosal et al., 2007) . For protein purification, bacterial culture was grown overnight in CFA broth (1% Casamino acid, 0.15% yeast extract, 0.05% MgSO 4 , 0.0005% MnCl 2 , pH 7.4) at 37 uC. For expressing recombinant (r) proteins, E. coli BL21(DE3) (Promega) and Top10 (Invitrogen) were used. These laboratory strains were grown in Luria-Bertani (BD Difco) with appropriate antibiotics when needed, at 37 uC.
Construction of isogenic CS6 mutants and recombinant constructs. ETEC 4266 isolate was used as a parental strain to construct isogenic mutant strains of CS6, as described previously (Wajima et al., 2011) . The details regarding the construction of pCS6 (pcssABCD in pSTV28), pCssA, pCssB, pCssC, pETCssA and pETCssB were also described previously.
Protein purification. WT CS6 and rCS6 were purified from heatsaline extract (HSE) of clinical ETEC isolate and BL21(DE3) E. coli, respectively, by chromatographic methods using a Duo Flow system (Bio-Rad) as described previously (Ghosal et al., 2009) . WT CssA and CssB were separated and purified as described by Ghosal et al. (2009) . The rCssA and rCssB proteins were purified as described by Wajima et al. (2011) . Protein concentration was estimated by a modification of the Folin-Ciocalteu method (Markwell et al., 1978) using BSA (Sigma-Aldrich) as the standard.
Ferguson plot. Aliquots of purified CS6 (80 mg) were loaded on polyacrylamide gels at 5.0, 7.5, 10.0 and 12.5% (w/v) total acrylamide concentration (%T) in the absence of SDS. Runs were performed under non-denaturing conditions in 50 mM Tris/HCl, 200 mM glycine (pH 8.3) at 110 V constant voltage and the proteins were detected by silver staining. Ferritin (440 kDa), catalase (232 kDa), BSA dimer (132 kDa), BSA monomer (66 kDa) and soybean trypsin inhibitor (24 kDa) were used as molecular mass calibrants. Protein mobility was analysed by Ferguson plot as described previously (Rodbard & Chrambach, 1971) . Briefly, the relationship between protein mobility (m) and sieving matrix concentration (%T) was determined using the following equation: log 10 ðmÞ ¼ log 10 ðm 0 Þ 2 K R ð%TÞ ð 1Þ
where m 0 is the free solution mobility (zero concentration of sieving matrix) and K R is the retardation coefficient (directly related to protein shape and molecular mass). A standard curve was constructed by plotting the logarithm of calibrant relative mobility (log 10 R f ) as a function of total polyacrylamide concentration. Retardation coefficients (K R ) were then computed from the plot slope and graphed versus molecular mass (K R plot) (Kravit et al., 1984) . CS6 samples were processed in the same way as the calibrants and the molecular masses were finally calculated by K R plot interpolation. An additional standard curve was constructed by plotting the square root of K R against the Stokes radius of calibrants to determine the molecular dimension of CS6 oligomers. Therefore, the radius of each oligomer was calculated by !K R interpolation.
Determination of molecular mass by gel-filtration chromatography. Molecular masses (Mw) of CS6 protomer and oligomer(s) were determined by gel-filtration chromatography using a 1 cm|40 cm Superdex G200 (GE Health Sciences) column, in the absence or presence of SDS. The standard curve was constructed by plotting elution volume of the standard proteins (i.e. ratio of elution volume of particular marker protein and void volume) versus the log(Mw). The average Mw of CS6 was determined from the relative elution volume of the sample.
Analytical ultracentrifugation. Sedimentation equilibrium (SE) and sedimentation velocity (SV) experiments were performed using optima XL-A (Beckman Coulter) ultracentrifuge in an An60Ti rotor with six channel and double sector centrepieces, respectively. Pure CS6 was dialysed extensively in 20 mM Tris/HCl (pH 6.8) containing 100 mM NaCl. For SV, different concentrations of CS6, dialysed similarly in 20 mM Tris/HCl (pH 6.8) and 100 mM NaCl, were subjected to centrifugation at 130 000 g at 20 uC. SE run was performed at 11 600 g at 20 uC for 72 h. The dialysate was used as a blank. The attainment of equilibrium was confirmed by analysing two consecutive runs. The ln(concentration) was plotted against the square of the radial distance. The relative proportion of the oligomers was determined by SEDFIT (Schuck, 2000) .
Dynamic light scattering. A Nano-ZS (Malvern) instrument (5 mW He-Ne laser, l5632 nm) was used for determining the hydrodynamic radius. The protein sample was filtered using a 0.45 mm filter and poured into a DTS0112 low volume (1.5 ml) disposable sizing cuvette of path length 1 cm. The run was programmed at 25 uC using DTS software; there were an average of 20 runs, each being averaged for 15 s. The run was repeated, diluting the protein sample in the same buffer with an incubation of 3 min. The hydrated diameter was then plotted against the concentration of CS6.
Electron microscopy. Purified CS6 protein was dialysed in 10 mM phosphate buffer, pH 7.4. CS6 at a fixed concentration (400 mg ml 21 ) was negatively stained with 2% uranyl acetate and examined in an FEI Tecnai12 Bio Twin transmission electron microscope. The diameter of individual particles was calculated by using the software Measure IT (Olympus).
Circular dichroism (CD).
To monitor the change in secondary structure, CD spectra of 4 mM of CS6, CssA and CssB in the far-UV region (190-250 nm) were recorded on a Chirascan (Applied Photophysics) spectropolarimeter and a JASCO J-720 spectropolarimeter. A cylindrical quartz cuvette of path length 1 mm was used in both cases. Each spectrum represents the average of five successive scans performed at a scan speed of 20 nm min 21 and a bandwidth of 1 nm. Appropriate baseline subtraction and noise reduction analysis were performed. The relative percentages of different types of secondary structures were calculated using the program CONTIN available online at DICHROWEB (Whitmore & Wallace, 2004 ; http://dichroweb.cryst. bbk.ac.uk/html/home.shtml).
Chemical cross-linking. For chemical cross-linking, 100 mg of CS6 protein was dialysed in phosphate buffer at pH 7.4. For glutaraldehyde treatment, 5 ml of 2.3% freshly prepared glutaraldehyde (Sigma-Aldrich) was added to CS6 (100 mg) and incubated for 2-5 min at 37 uC. The reaction was terminated by addition of 10 ml of 1 M Tris/HCl (pH 8.0). For dimethyl suberimidate (DMS) treatment, CS6 was equilibrated with 0.2 M Tris (pH 9.2) and treated with 2 mM of freshly prepared DMS (Sigma-Aldrich) solution for 2-3 h at room temperature (RT) and the reaction was terminated by adding 1 M Tris/HCl (pH 8.0).
For para-formaldehyde treatment, 1% para-formaldehyde solution was mixed with CS6 and incubated for 5-10 min at RT. All cross-linked proteins were solubilized in an equal volume of gel loading buffer and boiled at 100 uC for 10 min and run on 10% SDS-PAGE gels.
Cross-linking of the surface proteins of ETEC was done following the protocol described previously (Wang & Moore, 1977; Palva & Randall, 1976) . Briefly, 3|10
8 bacterial cells were suspended in triethanolamine (1 M, pH 8.5) containing DMS and incubated for 2 h at RT. The reaction was stopped with 1 M Tris/HCl (pH 8.0) and the bacterial pellet was harvested by centrifugation. HSE was prepared as previously described (Ghosal et al., 2009 ) and the presence of CssA and CssB was confirmed by Western blotting using specific antibodies.
Determination of CS6 localization on ETEC surface by confocal microscopy. A bacterial inoculum was taken from mid-exponential phase, plated on CFA agar plates and incubated at 37 uC overnight. The next day, the bacterial culture was scraped from the CFA agar plate and suspended in PBS. The suspension was then washed twice with PBS and resuspended in PBS to an OD of 1. Cells ( 10 7 ) were taken and blocked with 3% PBS for 30 min, followed by washing three times with PBS. The antibody used to mark LPS was against O-polysaccharide O167 (Denka Seiken), and was specific for ETEC 4266. The bacterial suspension was incubated with anti-O167 (raised in rabbit) antibody (1 : 30) in 1% BSA for 1 h at RT followed by washing with PBS three times at 4500 g. Then, anti-CS6 (raised in mice) antibody (1 : 50) was added in 1% BSA and incubated for 1 h at RT, followed by washing three times with PBS. The bacterial suspension was incubated with the secondary antibodies, anti-rabbit IgG-TRITC (Sigma) and anti-mouse IgG-FITC (BD Biosciences), at 1 : 100 dilution in PBS for 30 min at RT, followed by washing three times with PBS. The pellet was finally dissolved in 100 ml PBS and 10 ml was mounted on a slide and observed under a confocal microscope (LSM 710, Carl Zeiss) at |63 magnification. Colocalization analysis was done using ZEN confocal software. The 'Overlap Coefficient' (Manders et al., 1993) was used as a measure of co-localization. The values for the overlap coefficient should range from 0 to 1.
RESULTS

CS6 exists as oligomers in solution
CS6 protein from the WT ETEC strain was purified to homogeneity. In SDS-PAGE, purified CS6 resolved into two subunits of Mw 18.5 and 16 kDa (Fig. 1a) . Pure CS6 under non-denaturing PAGE yielded distinct bands (Fig. 1b) . When the native gel electrophoresis was performed in the presence of 50% ethylene glycol, the pattern of the ladder did not change (Fig. 1c) . In addition, when each band from the native-PAGE was excised and analysed separately in SDS-PAGE, each band produced essentially the same pattern, consisting of two subunits of CS6, i.e. CssA and CssB, in equal amounts (Fig. 1d) . This was further confirmed by Western blotting with anti-CssA and anti-CssB antibodies (data not shown). Chemical cross-linking of purified CS6 protein by dimethyl suberimidate (DMS), glutaraldehyde and paraformaldehyde showed higher aggregates in SDS-PAGE (Fig. 1e) . This cross-linking experiment also revealed that purified CS6 protein existed in an oligomeric state in solution. Collectively, these data indicate that the multiple bands in native-PAGE (Fig. 1b) corresponded to multimers of a protomer consisting of CssA and CssB in 1 : 1 stoichiometry.
CS6 protomer forms concentration dependent oligomers
When CS6 of various concentrations was loaded into native-PAGE, it was observed that at low concentrations (2-10 ng ml 21 ), only a single band existed. However, at relatively higher concentrations (25-80 ng ml 21 ), the distribution of CS6 oligomers varied with a preference for higher oligomers, e.g. the faster moving bands shifted towards a higher proportion of slower moving bands (Fig. 2a) . These events clearly demonstrated that the CS6 oligomerization was promoted by an increase in concentration. When we performed sedimentation equilibrium analysis at different concentrations of CS6 and plotted ln(concentration) against the square of radial distance (r 2 ), the plot deviated from linearity at higher concentrations with a gradual increase in steepness (Fig. 2b) and at lower concentrations of CS6, the curve was found to be linear. The fact that CS6 forms concentrationdependent oligomers in aqueous buffer indicated that it is a self-associated dynamic system. To eliminate the possibility Characterization of CS6 oligomers of electrostatic interaction contributing to non-ideality, the run was performed in the presence of 150 mM NaCl.
We determined the sedimentation equilibrium of the CS6 oligomers at different concentrations to understand the distribution of the oligomer population. We found that at a relatively low concentration of CS6 (80 ng ml 21 ), 57.5% of the population had an Mw in the range 176.3+10 kDa and the rest had 219.3+9.2 kDa. At a comparatively higher concentration of CS6 (280 ng ml 21 ), 96.5% of the species had an approximate Mw of 403.3 + 27.4 kDa and very few (3.5%) had an Mw in the range 239.6 + 7.1 kDa. Assuming the Mw of each protomer is approximately 32 kDa, these data suggested that the major population had an Mw of 403.3 + 27.4 kDa and were composed of 11 to 13 protomers. Therefore, in solution, the CS6 formed a continuous array of higher order oligomers by formation of (CssA-CssB) n complex where 'n' increased with concentration. The dependence of CS6 oligomer formation on concentration was also demonstrated by dynamic light scattering (DLS). DLS of CS6 showed that the Z-average diameter of the complex increased with the concentration of CS6 (Fig. 2c) .
CS6 exists as spherical oligomers in solution
To resolve the stoichiometry of the CS6 oligomers in solution, we determined the Mw of the CS6 oligomers and protomer by comparing the relative electrophoretic mobility (R f ) with standard proteins of known Mw(s) at different acrylamide concentrations in native-PAGE (Rodbard & Chrambach, 1971; Kravit et al., 1984) . We found that the Mw of the fastest migrating band of CS6 containing both CssA and CssB subunits was approximately 32+2.7 kDa (Fig. 3) and was considered as monomer. Subsequently, the Mws of the other bands in native-PAGE were calculated as 64 + 2.1 kDa, 96 + 5.2 kDa and 124 + 8.8 kDa, which were multiples of 32 kDa and considered to be dimer, trimer and tetramers of CS6, respectively. In addition, we had observed that the Stokes radii of the four fastest migrating bands of CS6 were 2.01, 2.8, 3.35 and 3.62 nm and these represented CS6 monomer, dimer, trimer and tetramer, respectively (Table 1) . We calculated the ratio of Stokes radius between two different oligomers of CS6 to understand the surface area of each oligomeric form. The calculated value of the ratio of Stokes radii of CS6 oligomeric species suggested a spherical shape and a molar specific volume of 0.74 cm 3 g 21 mol 21 (Rodbard & Chrambach, 1971; Kravit et al., 1984) . The molecular dimensions were consistent with the Mw(s) for a series of CS6 oligomers. Furthermore, in sedimentation velocity analysis, the f/f 0 (frictional ratio) value was 1.05, which also suggested that the CS6 oligomeric assembly assumes a nearly spherical shape instead of an elongated fimbrial assembly (Schuck, 2000; van Holde et al., 1998) . In order to visualize the CS6 oligomer, purified CS6 was subjected to electron microscopy. Negative stain electron microscopy of purified CS6 at 25 uC showed spherical molecules of approximately 25 nm in diameter from different orientations (Fig. 4a, b) .
CS6 protomers interact with each other through non-covalent interaction and their b-sheets during oligomerization
To understand the nature of interaction involved in CS6 oligomerization, pure CS6 was incubated with SDS (ionic detergent) and analysed using native gel electrophoresis and gel-filtration chromatography. On prior incubation of CS6 with 0.15% SDS, only a single band was found instead of the ladder observed in native gel electrophoresis (Fig. 5a ). When the band was excised and rerun on SDS-PAGE, it resolved into both CssA and CssB subunits (data not shown). Similarly, calibrated gel-filtration chromatography showed that the approximate Mw of CS6 in the presence of SDS was 32 kDa (Fig. 5c ) whereas an equal amount of CS6 in the absence of SDS showed an approximate Mw of 172 kDa (Fig. 5b) . These results indicated that a low amount (below the critical micelle concentration) of SDS prevented oligomerization of CS6 at RT and CS6 remained a protomer. This suggested that the protomers of CS6 were assembled through non-covalent interaction.
In order to understand whether this low amount of SDS had any effect on the secondary structure of CS6 that prevented its oligomerization, the CD spectra of CS6 in the absence and presence of SDS were compared. Secondary structure analysis by CD spectroscopy revealed that both Fig. 3(a) . CssA and CssB subunits as well as CS6 were mostly rich in b-sheets (Table 2) . However, during incubation with 0.15% SDS, significant changes in the CD spectrum of CssA, CssB and CS6 were observed (Fig. 6a-c) . It was found that incubation with SDS decreased the percentage of b-sheeted structure and increased the a-helical content in both the subunits as well as in CS6 (Table 2 ). For CssB, the b-sheet content decreased by 7% and the a-helical content increased by almost an equivalent amount. For CssA, b-sheets decreased by 6% and a-helical content increased by 8%. However, the percentage change in turns and random coils of structural elements remained unchanged (Table 2 ). In the case of native CS6, the b-sheet content decreased by 18% and a-helical content increased by 17% in the presence of SDS.
Presence of CS6 on ETEC surface
The localization of CS6 on the surface of ETEC 4266 was shown by labelling the O-antigen of LPS and CS6 with primary antibodies, followed by TRITC (red) and FITC (green) labelled secondary antibodies, respectively. The overlapping of the two signals indicated co-localization, confirming association between the bacterial outer surface and CS6 (Fig. 7a-c) . The 'Overlap Coefficient' was used as a measure of co-localization with an average value of 0.67.
CS6 exists as an oligomeric form on bacterial surface
To demonstrate whether oligomerization of CS6 also occurred on the bacterial surface, a CS6-expressing ETEC strain was treated with a cross-linker, dimethyl suberimidate (DMS). Isogenic mutants of ETEC strains with deleted CssA, CssB or CssC gene (DCssA, DCssB or DCssC, respectively) and their respective complemented ETEC strains were also treated with DMS. HSE from all DMS treated ETEC strains were subjected to SDS-PAGE followed by Western blot using anti-CssA and anti-CssB antibody (Fig. 8) . The HSE of DMS-treated WT ETEC and CS6-complemented mutant ETEC strains showed higher aggregates in SDS-PAGE. However, the DCssA, DCssB and DCssC mutants did not show any oligomers on the bacterial surface. This result demonstrates that CS6 forms oligomeric assemblies on the bacterial outer surface and both subunits of CS6 are required to form an oligomer on the bacterial surface. Since the length of the spacer arm of the cross-linker (i.e DMS) is approximately 11 Å (Palva & Randall, 1976) , it can be inferred that both the subunits are held closely.
Role of CssC and CssD in the formation of CssACssB functional protomer
In order to understand the role of the chaperone CssC and usher CssD in CS6 oligomerization, CS6 subunits (CssA CS6  5  39  22  34  CS6+SDS  24  21  22  33  CssA  7  36  23  34  CssA+SDS  15  30  23  32  CssB  5  38  23  34  CssB+SDS  13  31  23  33 and CssB) were expressed in the presence and absence of CssC and CssD in the laboratory E. coli strain, BL21, and were purified to homogeneity. Next we mixed the WT CssA and CssB subunits (expressed in the presence of CssC and CssD) in a 1 : 1 ratio and ran this on native-PAGE. The mixture of WT subunits showed a continuous array of higher order bands, like WT CS6 (Fig. 9a) . However, the mixture of rCssA with rCssB (expressed in the absence of CssC and CssD) did not form higher aggregates and were retained in monomeric form (Fig. 9a, b) . Similar results were obtained when the mixture of WT CssA with rCssB and rCssA with WT CssB was run on native-PAGE.
The CD spectra of rCssA and WT CssA were different ( Fig. 9c and Table 3 ). However, rCssB and WT CssB showed similar CD spectra ( Fig. 9d and Table 3 ). This alteration in secondary structure of rCssA suggested that it could not attain the proper conformation of WT CssA or rCssB in the absence of chaperone. Thus, the mixture of rCssB or WT CssB with rCssA could not form oligomers. However, rCssB, even with a properly folded structure, could not form oligomers when incubated with WT CssA or rCssA. This result indicated that the formation of CssA-CssB protomer was dependent on interaction with chaperone as well as usher. This was further confirmed when both the CS6 subunits were expressed in the presence of CssC and CssD; the rCS6 folded like WT CS6 (Fig. 9e ) and formed oligomers (Fig. 9a, b) .
DISCUSSION
Results from this study demonstrate that CS6, isolated from a clinical ETEC strain, exists as an oligomer and both the Characterization of CS6 oligomers structural subunits CssA and CssB are essential to form these oligomers. The oligomerization of CS6 occurred by assembly of multiple units of the CS6 protomer (CssA:CssB) in equal stoichiometry. The number of CS6 protomers increased with an increase in protein concentration. The stoichiometry of oligomers was not disrupted even in a less polar solvent, like 50% ethylene glycol. We did not find either homooligomers or hetero-oligomers in unequal stoichiometry, as documented by Roy et al. (2012) . This hetero-oligomeric assembly as a function of increasing protein concentration
has not yet been reported in the case of any other CFs of ETEC, although a similar pattern of oligomeric assembly was recently documented in the LPS transport system protein A (LtpA) of E. coli (Merten et al., 2012) .
In spite of the fact that CS6 assembled via the chaperone/ usher pathway, it did not show a fimbrial structure like other CFs, such as CFA/I, CS1, etc. Earlier immuno-labelling studies identified CS6 on the ETEC surface but failed to show any distinct morphology (Knutton et al., 1989; Lüdi et al., 2006) . It might be possible that the protomers of CS6 are assembled as patches or as short appendages that do not protrude far enough to be identified by electron microscopy. Here, we clearly demonstrated that CS6 oligomers were spherical in shape in solution instead of elongated, narrow rod-like structures. However, Roy et al. (2012) suggested that CS6 forms linear, highly flexible, mini fibres, although they did not show the existence of these structures on the ETEC surface. Another possibility is that the CS6 might exist in pre-fimbriae form on the bacterial surface. During infection, the host-pathogen interaction might trigger some factors that direct the otherwise afimbrial CS6 to reassemble into elongated, mature fimbriae, helping the CF to interact with its desired receptors. Further studies using more advanced techniques are required to define the exact shape of CS6 oligomers on the bacterial surface.
We also confirmed the presence of CS6 hetero-oligomers on the ETEC surface. We suggest that these CS6 oligomers remain on the bacterial surface as peripheral proteins. We found CS6 to be hydrophilic in nature and of non-integral membrane protein character ( Fig. S1 and S2, available in the online Supplementary Material). In addition, precipitation of CS6 at a higher percentage of ammonium sulphate and extraction by the heat-saline method also suggests that CS6 oligomers are hydrophilic, peripheral proteins (Ghosal et al., 2009 ).
The structural analysis showed that both the subunits of CS6 are mostly rich in b-sheets (Roy et al., 2012) . We found that the CS6 protomers interact with each other through these b-sheets during oligomerization, by noncovalent interactions. It is possible that b-sheets are the interacting surfaces for CS6 oligomers like many bacterial proteins (Remaut & Waksman, 2006) . We also observed that the proper folding of CssA and CssB in the presence of chaperone CssC and usher CssD is required for oligomerization. It might be possible that these b-sheets are involved in interaction with the chaperone to prevent the aggregation of structural subunits in periplasm, Characterization of CS6 oligomers as observed in the case of FimH and PapK pilius (Holmgren & Bränden, 1989; Pellecchia et al., 1998; Choudhury et al., 1999) . It is likely that the formation of functional CS6 protomer is guided by the chaperone CssC and usher CssD, through structural stabilization and proper folding before oligomerization, like some other bacterial pilin (Sauer et al., 2004) . Previous studies have shown that chaperone and usher proteins collaborate in the assembly and translocation of CS6 (Wajima et al., 2011; Tobias et al., 2008) .
CS6 oligomers are pH tolerant as well as thermo-stable (Fig. S3a, b) . This pH stability might be of particular significance to the virulence of CS6-expressing ETEC, as this enteric pathogen has to pass through a wide range of pH barrier in the host gut. Collectively, this information indicates that CS6 oligomerization helps to maintain CS6 stability on the bacterial surface and adds to the virulence of ETEC.
Our results provide evidence that CS6 is a hydrophilic, spherical and hetero-oligomeric CF, contrary to other CFs like CFA/I, CFA/III, CS4 and CS5, which are described as elongated rod like structures (Knutton et al., 1989; Lüdi et al., 2006; Li et al., 2009) . However, further investigation is required to examine whether the extent of CS6 oligomerization favours its colonization ability and ETEC pathogenesis.
